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Proeface

The work desoribed in this report is pertinent to the
projeots designated by the War Department Liaison offioer as
AC~1, AC-36, and AC-42 and to the projeots designated by the
Navy Department Liaison officer es NO-11l5, NO-174, and NO-835,
This work was ocarried out and reported by National Bureau of
Standards under e transfer of funds from OSRD with the oo~
operation of the wWashington Radar Group of the Messachusetts
Iustitute of Technology and Seotlon Redg of the Bureau of
ordnence, Navy Department. '
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Modern warfare {e primarily a warfare of missiles - dullets,
shells, rockets, bomde, end grenddes. The chief problems are
to transport, project or propel, and direct these missiles
soourately to strike targets of military importance, Misoliles
may be transported to the violnity of & target by men on f£oot,

by mobile artillery, by tanks, by airorsft, or by ships. They
may M dropped from sireraft, projected from gune on land, lht). S
or sizoraft, sccelerated for all of parts of their trajsctories .- .-
by rocket motors, or they may be self-propelled. MNost of the
missiles in current use sre not under the oontrol of the user
after launching. Some form of sighting device is necessary %o
astablish the initisl M.muon of travel in & maaner to ause .

_he missils to strike the target. Qun sights, bomd sights, and
the camplicated gun directors and ccmputers are mers aids %o
‘determine where to point the gun or relesse ﬂu balb.m oty
release of the missile no further control is possible, . .

h m-ummmsu-muvuumm
bilities of guiding missiles after their release $0 sorrect -tg:
errors in sighting and for evasive action of moving targets.

The uulcmnt of nuo compmicetion stimulated l.nmunm: Ly
uuut: in this ﬂ.o:l.d lnd even daring the run world war
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control but also to other npoou or Quidod liuuu. Partiou-
larly ettractivs has bssn the Mn or nuuu which un seek
out a target mutomatiocally or "houe™ on ths target.

During the present war much esrious lph‘ntifio effort has
besn devoted to e full sxploration of the prtot;io.lbinty of
guided missiles as useful weapons. Ths (erman experiments
with HS 295 and FX end later with V-1 and V-2 have stimulatsd
the intersst of our military, leaders and snlistsd their support
in thks fullest exploitation of the poesibilitiss of this typo
of weapon. :

Classification of Kissiles. ' it

Ws may recognize five possible classes of missile fron
ths standpoint of ths source of oontrol. The first, illustrated
by the German V-1 and V-2, uese an -utopnot to hold thn dun.o
ofl a'prescribed couree. The missile Teceives no 1ufonnuo|
relating to the target, and must be launched in the direction
required to strike ths target. This type is rsally & kind of
long rangs artillery although the miseile itself oarriee.a part
of the ocomputer. e

The eecond type, illustrated by the Japanese suicide bosbere,
carriss a human pilot in the miesile, who is expendsd with the
miesile, Thie solution is known, involvee no new technioal

problems, ‘but 1s not attractive to & naticn placing & hish
value on human life. .
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The thirda type, illustrated by the Germsn HS 293 and FX

and the Division 5 NDRC Azon and Razon serles, uses a remote
human pilot who may either see the missile and target visually,
aided by flares on the missile and by sighting devices, or be
guided by a repeat-back 0f television or radar information from
apparatus contained in the missile, or be guided by ;'ldar )
location of the missile in relation to map loocation of the
target or radar location of the target,

The fourth type, of which there is no exieting illuatration,
uses some type of beam directed toward the target which the
missile automatically follows,

The fifth type'is the target-sesking or homing type.

illustrated by Division 5 NDRC Pelican, Bat, and Felix. Such
a missile muat utilize soms physiocal property of the military

target whioch causes it to stand out from the background. The
nost commonly suggested property is the emiesion or reflection

of electromagnstic radiation. Separate techniques are availadble
for transforming three major divisions of the electromagnetio
epeotrum into directional information. Of the three - visidle
light, infra red, and radio - radio rroquenoio's. for technical
reaeons, hold the most promise of useful weapons. Radio tech-
niques as developed in radar are directly applicable., Vieible
light and infra-red are useful for certain specific types of
targets. Other properties have been suggested, for ezample,

the emission or reflection of lqind. Investigations along

CONFIDENRTIAL
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this line for aoro-u.unilu have not given promising results.
Heoessity of Techniocal Coordinationm.

This report is concerned with various aspects of the
design of this last type, the homing sero-misaile. The
impreasion is prevalent that soientific advances in many fields
have progressed to ths point where the development of such a
missile is purely a matter of engineering design on the part
of the several specialist groups with the usual coordination
as to dimensionsl requirements, weights, and time of ocompletion.
Bxperience has tsught otherwises Optimistic time sohsdules ,
based on such an assumption can not bs met. Thas development
of successful homing aero-missiles requires the solution of
certain research problems assooisted with the complete artiocle
involving oomplex ralationships between the performance
oharacteristiocs of the component perts. There ia required a
type of overall technical coordlnation beyond that regquired
in the design of airoraft aa ordinarily prsoticed.

The require.d teohnioal coordination is made difficult dy
the wide variety of specialists of different scientific and
technioal background and acocustomed to different vocabulariass
and habits of thought whose work must be cocrdinated. . Par
exampls, in the ocase of a propelled radar homing miasile there
will ba represented experts in serodynamiocs, sircraft structures,. .

propulsion, servomechanisms, electronics, radar, computers,

e g .

explosives, and fusea. Other types of missiles will require

CONFIDENTIAL
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experts in radio, optics, infra-red radiation, heat, etc. -No
one perason can be expert in all of these diverse flelds, but
the success of the preject requires a project engineer who has
sufficient knowledge of these fields to be able with the help
of advice from the specialists to assume technical leadership
in the solution of research problems asscciated with the system
as a whole,

In the design of any homing missile, there soon emerge &
number of problems whioch out across the boundaries of the
specialist groups. The particular design whioh seems beat to
one group of epecialists oreates 4iffiocult problems for other
groups, and the r_equirmnts put forth by the several groups
as optimui are often contradistery. For exemple, certain errors
are introduced unless the intelligence device "looks" along
the dlrection of motion, i.e, is acocurately bore-sighted. The
conventional airplane flies at an angle of attack which varles
with the position of the elevator. If the aerodynamiocs

specialist adepts a conventional aireraft design with elevator
econtrol, the intelligence device must be coupled to the elevator

control in such a manner as to coampensate for variations of
angle of attack for all conditions of flight. However, the
designer of the intelligence device might properly suggest that
the aerodynamicist design a vehicle which doces not change its
attitude with application of the sontrols. It becomes & matter

of resesrch to determine which solution gives greater asouracy

CONFIDENTIAL
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end hence how responsibility is to be allooated between the two
specialisats,

Purpose and Background of this Report.

These broad aspects of tha design of homing aero-miassiles
are traeted in the present report. An attempt has been made to
meake the discussion genersl in charecter end epplicable to all
such missiles, whether propelled or not. It should be stated,
however, that the discussion arises from experience with the
redar homing miesiles of the Pelican and Bat series, and this
account undoubtedly reflects the solutions there adopted, as

well an the problems peculier to radar homing.

I1. Terget Discrimination and Traoking

Limitations of Mechenisms as Compared to Humen Brain.

In visuel shooting or bombing, the target is identified by
the pattern of optical rediation as percaived by the human eye
and interpreted by the human dbrain. In radar fire control or
bombing, the target is identified by the pettern of short-wave
electromegnetio radiation exhibited on the soreen of e cathode
ray tube es perceived by the human eye and interpreted by the
humen brein. During the flight of a homing eero-missile these
radiation petterns must be made to operete control mechanisms
and the element of interpretation by a humen brain ie absent.
This introduces many problems and severe limitations. A
mechanism can perceive only a limited number of physical charac-

teristiocs of the target pattern and can exercise no judgment

CONFIDENTIAL
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St Zassavgeesinug Tty meoelwel Jrfoemering ssaegn o Lhe slmglaEt
St 2oy saumle, Smuctiizg owver ¢ osrnaly 12me LyeTwel. Thud
2% Jrefers LT DatharpiaEn s cnpwr wriz will slecl € glvan
sErges Cron s opnicsl dpsgs of & omplex wimgsl pellaTx. In
sielr gresess glate of derslopmes: honize misslilss oex QUL
ouly single sarpst sicustiozs, tie mast Javomsdle taTEsl

of & spell sonbder of ships oz & lamge dOiY
o water, o zmTe gecerslly, & few Isclstel disccatizailies
iz & relisticon petters Wich i3 otiherwise zeerly uniform. Yoo
tzis point of view, girersft also presext favolsdle taraer
gituntinns,

prisnciples of Target Uiseriminetios.

Zxcluding the cese of e single i{soleted discomiinuity in
this redAlietion pattern, which seldom occurs, the first main
problem of eny homing missile is to determine the method dr
methods to be used for target disoriminetion, whep several
targets ere present. 1Ia the simpler devices the missile homoa
on the biggest discontinuity within its field of view, 1In
weny homing mirsilas, means are provided to permit the initial
solection of target by a human operator who often has availadble
information ;upplenental to that given to the conyrol olrouita
of tho misnile., lieans may also be provided within the misnile
to keop track of the initially selegted target and to respond
only to signals from thet terget. =Zven in the simpler missiles,
the opoerator attempts to release the missile eithei with a

CONFIDENTIAL
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single lerge discontinuity within the field or on such a peth
that & single target comes within the field end depends on thi
precision of the controls of the missile to keep the miasile
tracking this target.

In order to obtain informetion about the location of the
terget, a homing miesile must be directionally sensitive.
Usually the received intensity of rediation ie greateet when
the axis of the rediation-reseiver is pointed directly at the
target. Thus Fig, 1 shows a portion of the response curve of
the receiving antenna of the radar resceiver ueed in the Pelican
project. The relative power is plotted in terme of decibels,

e logarithuic unit, but the power ratice are also indicated.
The width at 1/2 power is 23° and the width at 1/10th power 1a
43°, In other words e terget et beering 21 1/2° from the
antenna axis gives one-tenth as much energy to the receiver as
a target on the axis giving the same intensity of radiation,

The radietion pattern shown cen not be used directly
beceuse there is no diserimination between right and left or up
and down, The usual practice ie to scan the field of view, to
commutete or phase the received signal intensity with the
soanning, and compare right with left and up with down or per-
form comparisons in some other coordinate system. The on-course
indication becomes then an equelity of two signals and a
directionel sense is provided. In Pelioan, conical scanning
is ueed, the antenna axis desoribing a cone of 11° half-vertex

angle, A commtetor provides the phasing. If there were a

CONFIDENTIAL
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variety of tergete of equal intensity, every one within a cone
of half-vertex angle of approximately £22° would give signels
of one-half maximum power or more. This represents one method
of stating e figure for the field of view of the receiver, all
targets being essumed to return eignals of equal intensity.

In Pelican, the target is "illuminated" by a radar beem,
end the directicnal characterietice of the tramsmitter antenna
provide additional directicnal disorimination, which is not of
interest in this aisoussiocn. In Bat, the missile carriee the
tranamitter and the same antenna is used for treansmission and
reception. The field of view is eccordingly smaller than
for Pellosn,

In other types of intelligence devicee, much smaller fields
of view ere used, the width et 1/2 power being 10° or less.

This is advantageous from the point of view of direotional dis-
oriminetion of targets. Limiteticn of the risld of view ie the
first general method of securing target dleocrimination. However,
@& narrow field of view introducee treoking problems as will be
discuseed leter.

The second method of securing target disorimination ie by
means of eignel streagth. This can not be entirely eeparated
from the directional properties of the intelligence system, and
permits little choice other than to home on the strongest signal,
It is usually neceesary to include some type of automatic gain
control to obtain direoctional information et signal levels whioh

CONFIDENTIAL
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mAy vary more than a billion fold as the missile approaches the
target. The strongest signal within the field of view will
govern the sensitivity of the receiver through the action of the
automatic gain control.

Target discrimination may also be secured through ths
selective action of the intelligence device in responding to
radiation within narrow wave length limits. This is best
utilized when an intense beam.of the desired radiation can de
concentrated on the target and the missile made sensitive only
to wave lengths within the narrow limits of the transmitted
radiation,

In systems in which a pulsed illuminating bsem is used,
as exenplified particularly in the Pelican and Bat radar homing

systems, another method of tdrget discrimination may be used.

This is range selection and synohronization. By making the
intelligsnce system sensitive only for a short period at &
predetermined time following the amission of an illuminating
pulss, the control information can be restricted to that rsceived
from targets lying within certain rangs limits, say within a

zone of 2250 feet of the actual target range. Yor a given range
corresponds to a definite time of transit of the pulse from
tranemitter to target to receiver. Neturally such a range
selecter rsquires an sutomatic method of tracking the target in
rangs as the range decreases. The operation of the range

selecter also regquires the synchronization of the roooin'r and

CONFIDENRTIAL
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the transmitter., The eynohronization is effective in dis-
oriminating againet reflected rediation originating from other
transmitters opersting on the same radio frequency dut with
different pulse rastes.

The use of range selection is found to be eesantial in
radar homing mieeiles launched from airocreft because of the
so~called "sltitude signal®™, i.e., energy returned from the
earth directly below the alroreft. If a reascnsble cone of
vision is to be maintained, the directional selectivity of the
antenna is inedequate to disoriminate against the large
reflecting area lying beneath the airoraft. A range seleoter
and range tracking device makes possible the elimination of
this aignsl in the oase of glider missiles, since the altitude
is always lees than the range to the target. Presently avail-
able radar homing devices oan not be ueed under conditione
where the target may eppear at the same range as the eltitude
signal, for exsmple in air to air missiles at rangee greater
than the altitude. In the case of ground to air miseilee
using receiver only, the geometry is more favorable than for
the glider, and the range of the target will not coincide with
that of the altitude signal. For s send-receive missile, the
miesile will et some time be at the same altitude ae the range
to the target and hence may thereafter home on the altitude
eignal.

It is poesible tb devise more oomplex mechanisms to perform

CONFIDENTIAL
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more diffiocult feets of disoriminetion, for exémple. to permit
the lsunching of a radar homing missile at long range without
advance selection of a terget and to have the range selection
device search for, choose, and lock on s target when the missile
hss prooceeded a definite distance. The limit of performance

is set only by the permissible complexity of the mechanism,.

The suggeetion has often been made that lower animale be
used es intelligence devices, since thelr brain, like thﬁt'or
the humsn one, can perform 4ifficult tasks of discrimination.
This possibility is perhaps the only one of adeguate complexity
to deal with the pattern disorimination required to select, for
example, a particular building within the complex opticel
radiation pattern presented by a oity. Proponents of thils
method point out that near mechaniocal reliability may be realized
in animals by establishing in them & conditioned reflex
esgoclated with the object eelected for attention.

Relstion between Field of View and Permissible Motion of Vehiole.

After a target has been selected by the operator before

release of the missile or by the mechanism of the miesile iteslf,
the target must be tracked, i.e. held within the field of view
of the missile during the remainder of its flight., The simplest
method of tracking is to have the intelligence control the
motion of the missile so that the target remains within the
field. If this method of tracking is selected, restrictions

are immediately pleced on the permiseible motions of the

CONFPIDENTIAL
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vehicle which must be considered by the aerodynanics specialist,
These restrictions depend not only on the asrodynanics of the
vehicle and the field of view of the intelligence device but

also on target contrast, characteristics of tracking circuits,

"and behavior of the servo meohenism in the absence of homing

signals.

Yhen a missile ie to be released blind, the aerodynamics
specialist can compute trejectories for vearious release con-

. ditions and so provide estirates of the time at whioh a target
in a specific location relative to the point of release will
lie within a specified field of view. The relation between
field of view, servo mechanism, and aerodynanrical character-
istice must be suoh that tracking will be pressrved. The
controls must be sufficlently effeotive to check any overshoot
or the servo mechanism must havs a memory to bring the venlcle
and field of view of the intelligence device back on the target.
Yor some types of vehicle, the serodynamic design can be made
such that the trajectory without any homing signal will include
the desired targst within the fleld of view. The larger the
fleld of view, the eaeler the task.

Before release of the vehicle, the target must be brought
into ite fisld of visw, and tracking in range established.
During launching and thereafter the motion of the vehicle must
be euch as to maintain the target within the field of view of
the intelligence device. Memory circuits within the intelligence

CONFID"NTIAL
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lﬂow the sigaal to rade out-Tor shor% time intervals

-H_an& ¥ sume tracking in rangs: when the signal lavel is restoredo

 3If during the perio& of no ﬂignal return, the vehicle removea
:ﬁhe target frcm the field of view, the intelligence device iam
: unable to BeCUre furtherainformation of target direction. ‘The
' permissible moticn will dapend upon the intensity of the signal
returnad by the tar@@to 1t the target signal is only a amal}l
'amount of the b&ckground g#ignal, the effective con@@cf visionA
is reduqed {in present radsr homing equipment) to about- 70 percent
of iis maximum width. Thus a smeller change in attitude will
be reguited.to losa airectional'tpécking than 1f the target
signal is much-}arger than the background. Since the aveiaga
signal level ‘and its consistercy in amplitude'depends on target
gize, -target orientation, and on meteorolegical conditioQSy:it
is difficult to glve definite design rules. However, the |
emaller the field of view, the smaller the change in attitude
required to reduce a low signal %o the background‘level, end
from these considerations a large fiéld of view ia desiraﬁleo,
The behavlior of the gservo mechanism in the absence of )
signal oy more exaotly Just following feding of the signal has
a definite bearing on the relation between fleld of view and
permissible motions of the vehicle. If the servo meohanisnm
maintéins.the vghicle on the course it was flying, the Tisld
of view could be smali without rigk of losing the target outéide
of this fisld should the signal fade for a Few seconds, If

CONEIDENTIAL
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howsver the servo mechanism mainteins the rate of turn and

plteh whioh exist at the time of signal fading, the target would
probably pasa outside s small field of view before the signal
returned. Either of these types of performance of & servo
mechaniam is somewhat idealized and not acourately obtainable

in any sotual mechenism, The maintenance of the same oourse

is of advantage when the wvehicla is noarI.y on the desired course
snd ;ou of signal is due to fading.

When the vehicle is initially ooming on course, it may
overshoot by a sufficient emount to lose track. If this occours,
a servo mechanlsm which maintains the course of the vehiole
at the time the signal 1s lost will thereafter give no
opportunity for again pileking up the target sigﬁal. The amount
of overshoot permissible will be larger, the larger the field
of view and the greafer the target contrasat,

Some of the restriotions on the motion of the vehicle which
are imposed by a narrow field' of view can be removed by tha
use of an intelligence device fitted with automatic direotiona;
traoking. In this system the output of the intelligence devioe
is used to drive servo motors to center the field of view on

the target independent of the motion of the vehicle, The control

of the vehiole itself is then derived from the relative position

or rate of motion of the intelligence device with respeoct to
the véhicle, or both, The minimum permissidble field of view
is then limited only by the precision and speed of response of

CONFIDENTIAL
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the servomechaniam,

The axtra degreee of freedom may givs riss
to mora difficulty with etability of the two servomechaniams,

one driving the intelligenoe, the other the vehicla. There
hae, a8s yet, been no field experience with a missila control of
this type.

Background Signal.

All electronic intelligence devices have a cartain internal

noiee level which can not ba lees than that produced by thermal
agitation of slectrone in the input ecircuit.

The magnituda of
this internal noleev sets & lower limit to the elgnsl which can

be detected, However in actuel practice there is a much higher

background eignal representing the signal return from areas

other than that of the target which aleo lie within the fleld
of view,

Thus in a radsr homing device the background signal '
18 the reflected radar energy from the land, rough sea,

or
other obstructions that happen to be at the seme range se the
target.

It may be very emall or zero when the target ie an
airplene and the background is cloudlese sky.

In an optical
homing device the background eignsl is the reflected or emitted

optical energy from land,

eesa, Or sky.

The important attribute of this unwented background energy

is its variability not only from place to place but at the
same placa, aspecially with weather.

In the radar caee against
ship targets, the "sea return” dspends very greatly on the

height and shape of waves and on the orientation of the wave 4

CONFIDENTIAL



BT B R e A s e ekt s

-17- CONFIDUENTIAL

troughs with reepect to the receiver. The performance of a
reder homing missile againet a specified target is affected very
much by the condition of the sea sur:'ace, the perwmissible range
at releesee being reduced as the eea becomee heavier because
signal returned by the ship is lower and the amplitude of signal
fluctuation ie greater. Small tergets may be lost 1in the sea
return regardless of their range., Similarly, missi les using

other perts of the electromagnetic spectrun encounter background

signals which ueually depend greatly on meteorcrlogi cal oon=-

ditions.

The ratio of target to background eignal may show large
ehort-time varietione during the flight of a single missile,
and if the target contrast ie not sufficlent may produce
difficulties in tracking at long range,

Fluctuation of Signal Inteneity,

As a homing miseile approaches its target, the signal
intensity and ueually the background signels aleo imncrease very
greatly, making neceseary an automatic gain control in the
electronic equipment. The time constant of the gain oontrol
muet be short to take care of the rapid change at the end of
the flight but not so ehort as to obgscure the variatione of
scanning frequency which give the directional information. The
reliability of the informetion obtainable is dependent on the
target contrast which is a function both of the background
signal and the strength of the target signal itself. In
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addition to the slower variation of signal strength as ths
misaile approaches the target, there may also be more rapid
variations assooiated with the changing geonmetrioal relatione-
ship between missile and target produced by the motion of the
miaaile eand the linear and angular motions of the target. 8Such
fluotuationa are alwaya found in radar refleotione.

The presence of fluadtuating signal intensity l;nd fluoctuating
blcisround signal means that the missile and Servo mechanism
oan not be deaigned on the assunption that information as to
the angular bearing of the target is continuouely available,

The effects of fluotuating signal intensity which must be
guarded against are poseible resonance effeacte in the servo- '
meochanism, synohronization with the frequenay of socapning, and
loss of tracking. It ite not practicsl to lay down methods of
design., However, in the radar case the M.I.T. field experiment
group working on Pelioan and Bat have found it advantageous to
make photographic records of variations of signal strength of
aotual targets, to aconstruct a special signal generator which
emite variable signals oontrolled by a cam ocut to the observed
variation, and to test the effecte of such a signal inmput on
the intelligence device ocutput.

;

III. Maneuverability of Vehiole and other Aerodynsmioc problems.
The Six Degrese of Freedom, |

The trajeaotory of a missile is determined by the farce of
gravity and the resctions between the missile and the air

e
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through which it flies. The force of gravity aots vertically
downward through the center of gravity of the missile., It is
convenient to represent the resultant of the aerodynamic
reactions by three mutually perpendicular force components
acting through the center of gravity and three moments acting
about the three axes along whioch the force componsnts are taken.
These foroces and moments on a given missile are functions of
the shape of the missile, the orientation relative to the
direoction of motion of its center of gravity, the spesd, the
axis and smount of angular rotation, and ths density and other
.physieal properties of the air.

The missile has six degrees of Ifreedom, three linear and
three angular. The interest of the user of a missile lies
essentielly in the three linear degrses of freedom, i.e. in

the linear motion of the center of gravity of the missile. The )

angular motion of the missile 18 of interest only in so fer

as it modifies the three force components and thus the trajestory.
A spinning or angular hunting motion is of no interest if ths
missile strikes the target, a result dependent only on the

psth of the center of gravity. It is generally true for the
ordinary bomb, pi'opellod airoraft, or glider that en absence

of angular motion gives a more predictable and constant
trajectory. But in some other missiles, for example, shells,

a spinning motion is deliberately providsd to provids a niore
stable and predictabls trajectory.
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The dynamice of a miesile, even if restricted to airplane-
like or bomb~like objects, ie a vary complex subject, snd hardly
aprropriats for this report, Reedere are referred to vol V of
%. F. Durand's Aerodynemic Theory for a discussion of airplane
dynsmice by B. Ma2lvill Jones. Only elementsry end gensral
aspecte will be discussed here,

The path of the missile can be controlled in a pumber of
weys, but the most usual method is through changee in the sero~
dynapic reection by means of changee in shepe of the mieeile,
The other methods may be advsntageous in epeciel cases., Thus
by the use of rocket motors it is poasible to apply reaction
forces on the missile to change its path. This method is oper-
ative in the stretoephere where the air density is very small
end in free spece. (Control requires the ejection of a part of
the misaile, & procese differing only in degree from the dburning
of fuel to produce power to operste other types of control
devices. vhere other types of control are poseible, it is
usuelly more economical to use them,

A miseile may be controlled by varying its maes distribution
to modify the position of the center of gravity, thus changing
the resultant moments of the eir reaction, hence the orisntation

of the mimsile, which in turn modifiee the force components.

Thie was done in early airplanes by motion of the pilot but the

method has been little ueed eince thet time.
It is possible to use power driven devices sueh asg pro-
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pellers or turbojets or to uee thermal jets to produse foroes
to modify the path or to use such devices to apyly moments to

the miseile tn change its orientation and thus produce forces

to modify the path. It jie more common to use these deviceas

as propulsion elements, and some oontrol of the path, espescially
changes in the vertical plene, 1s accomplished by varying the
propulsion force.

The most common method of control is through chenges in
shape of the miesile which ueuslly alter the moments of the
air reaction and change the orientetion of the missile in

addition to modifying the force components directly. The use

of a power driven propeller may be régerded es & special case

of a periodio change in shepe. All changes of shape for

purposes of control involve the epplication of power, which

may be derived from any of the usual types of power eouroces,

It is obviously deeirable that the power required for control
he small.

This hae led to the oconventional type of control
used on aircraft in whioh the primary effect of the controls
ie to epply moments to the missile which in e time determined
by the angular moments of inerties and the magnitude of the
applied moments changes the orientation of the missile to the

direction of motion of ite center of gravity. As & result of

the ochange in orientation the foroces are changed and the path

of the center of grevity ie modified. Ve shall see later that

there are advantages in the design of homing aeromiseilea in
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selecting a change in shape which produces little or no change
in moment but does produce directly changes in the force oom-
ponents. Such & method requires greater power for operating
the controls thaen the conventional method.

Equilibrium apnd Trim.

An unpropelled missile can be in complete equilibrium only
ir the moments of the air reaction about three mtual per-
pendiocular axes through its center of gravity are zero end if
the resultant air force is equel to the welght of the missile
and acts vertically upward. Such a state does not exclude the
possibility of a spiral or spinning motion, In fact the tail-
spin of en airoraft is a steady motion in vhich the above con=-
ditions are fulfilled. We shall however not consider suoch
motions further, although there is no logicel necessity of ex~-
cluding spinning missiles. The guiding of such missiles would
seem to introduce many technicel complications. )

The equilibrjum of a propelled missile differs only in
that the resultant aerodynamic force must equal the resultant
of the weight and the propelling force.

Practically all missiles now used or under consideretion
have one or two planes of symmetry and & longitudinal axis
which lies within 10° of the intended Adirection of motion. The
exact location of the longitudinel axis is usuaelly chosen to

sult the convenience of the specific problems but always in

@ plene of symmetry. The other mutually perpendicular reference
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eXes are ocalled the lateral and normal cxes, and if the missile
has only one plane of symmetry, this plane ocontains the longi-
tudinal and normal axes. In the practical oconstruction of air-
craft or missiles it is found impossible to make the device
suffiociently accurately to insure that, when flown or released,
the aerodynamic moments about the reference axes will be zero.
It is always necessary to apply control moments of suitable
magnitude about all three axes, or if it is desired to have the
controls in a given neutral position with no forece applied to
th; control levers, to provide adjustable trim tabs. These
adjustments are easily made when a human pilot is on board, but
other provision must be made when unmanned missiles are to be used.
For unbalenced moments about the lateral and normal axes,
e stable missile compensates by anguler rotation to new positions
of equilibrium, since dliaplacements about these axes produce
restoring moments. The missile would then fly at a somewhat

different angle of attack than planned and at an angle of yaw
which would give rise to a lateral force producing a lateral

drift of the missile. An unbalenced moment about the longitudinal.
axis, whioch lies approximstely in the direction of motion, can

not be compensated in this way, because rolling about the

direction of motion produces no statlc restoring mdmenf.. The

only methods known of compensating this uneavoidable and undesired

moment arising from lack of symmetry in the actual unmanned
missiles involve sutomatic trimming by control surface dis-
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plscements under the control of one or more gyroscopes. The most
desirable method is to compensate the undesired moment directly
by displacement of ailerons. In some cases, for example the

German robst bomb V-1, the autopilot moves the rudder thus foroing

the bomb to iravel at an angle of yaw su.rricient to produce a

rolling moment due to yaw equal to the unbalanced rolling moment.
This method of correction gives rise to a leteral drift which
1s 7ne source of error contributipg to the dispersion. One of
the resulits of the early work on the Pelican and Bat developments
was the demonstration that provision must be made in the auto-
pilot for compensating for undesired aerodynamic moments arising
from lsck of symmetry, l.e. "trimming” the missile, and that a
gyro or equivalent reference is essential. It is fairly wsll
known that pendulums or aerodynamic surfaces whosa position 1is
controlled by aerodynamic reactions are ineffective for this
purpose., In the Azon and Razon developmonts it has also been
found desirsbdle to introduoce automatic trim devices to eliminate
rolling motions, although not there required for stability
remsons, since these missiles have two planes of symmetry. The
elimination of the rolling motion in those missiles simplifies
the control problem as will be discussed in the section on
coupling between controls.

The state of complete equilibrium is rerely attained in

the practical use of missiles. The linear motion of the center '
of gravity 1s an accelerated one, the mass times the scceleration
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being equal to and in the direotion of the resultanc force.

T™he time required toasach squilibvrium is often much greater then
the time of flight of the missile. For example, a falling

bomb is in complete equilibrium only whsn it reaches its
terminal velocity, & process requiring fall from a great height
and many tens of seconds. This long time conatant arises from
the limited rate at which eneargy is supplied from the gravie
tational field. 1In the case of an alrcraft the elow phugoid
oscillation arising from interchange of kinetic enargy and

potential energy has a period of approximately 0.22V seconds
when V is ths speed in ft/ses, 1.e. 88 seconds for & missile
traveling at 400 ft/sec. The design of servo mechanimms and
intelligence devices can not ho based on the assumption of

equilidrium conditions.
Yortunately the time oonstants of the angular motions are
much shorter, usually of the order of a fraction of a second
or at the most a few seconds, increasing somewhat with the size
of missile but deoreasing with its speed,
Magnitude of Lateral Forces, Angular Rates, and Radil of Curvature.
Consider a symmetrical missile falling vertically with its
longitudinal exis also vertical, The forces acting are the
foroe of gravity and the air resistsnoe. Because of symmetry
there sre no lateral fordes, The downward acceleration will
be equal to the differende between the acceleration of gravity
snd the ratio of the air resistance to the mass of the missile.
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The acosleration will ultimately epproach zerc as the missile
approeches ita terminal velocity at which the air resietance
equals the weight. At any point along its leagth the tra=-
Jectory may be modiried only dby introducing a lateral forde.
This force imparts & lateral acoeleration whioh causes the
mlssile to travel in a path which 1s approximately cirocular for
some time. To move the missile in a path of radius R requires
a centripetal scceleration of V°/R where V is the velooity of
the missile. The rate of change of direotion of the trajeotory
%% equels V/R. |

The usual method of securing a lateral force is to ohange
the orientetion of the missile so that its axis makes an angle
to the trajectory. The missile does not then travel in the
direotion of its axis. The change in its direotion of motion
is dependent on the magnitude of the lateral force produced by
the change in orientation in relation to the mass of the missile.
If the force is small or the mase is large, the f.r'ajootory will
be modified very slowly, even though the axis of the missile is
at e large angle to the direction of motion of the center of
gravity. The missile behaves in the same manner as an automobile
traveling on ice when the steering wheel is suddenly turned.

Experiesnce from tests on bombs and eirfoile shows that
the latersl force produced at &8 given angle of the missile to

its trajectory is approximately proportional to the squars of
the speed and to the projected latersl area, A reasonabls valus
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of the lateral foroe is sbout 10 1b/ft® on the fins or wings
at nl-pud of 100 ft/seo and avout 1/2 1v/rt? on a body of
Tevolution at & speed of 100 I't/sec for angles of yaw o. 13°,
although with larger angles of yaw still higher values oan
be obtained. IExtremely large angles of yaw give large drag
foroes vhich slow up the missile and thus reduce the lateral
foroe. The lateral acosleration to be expected is therefore
about l-g‘.(l%u)z g where A 1s the area of the fins or wings in

-square fest, V the speed in ft/seo0, W the weight of the missile

in pounds, and g is the scceleration of grevity in ft/sec”.
Ih any aotual design, the lateral sooceleration should be deter=
mined from wind tunnel mesasurements on a model of the missile,

A radius of curvature R requires an soceleration "/R. Henoe

v /R = o.oaag_ﬁ

or n-sl{.

The rate of change of direotion %g - Bﬁ .

Yor the stendard 2000 1b bomb, A for the standard fins |
is sbout 4 square feet. By e suitable rudder, it may dbe .
expected that lateral forces of the above magnitude may be
reached, in which oase R = 15,500 feet and %e - “h
rad/seo. = 0.0037 ¥V dogrees/seo. 1In the next 500 feet of fall
‘after the rudder is spplied, the bomb would move laterally
about 7 1/8 feet.
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It i3 %0 be noted that for this cass of & vertiosl tra-
Jeotory, the rsdius of curvature obtainable with a given fin area
does not depend on the speed, since both the required and the
available scoslaration vary as the sguare of the speed. However
the forces whioch the missile structure must withstand inoresse
proportional to V&/R.

Yhen the trajectory makes an angle to the vertiocal, the
foros of gravity has a oomponent at right angles to the tre-
Jestory. It is customary to measurs ths angle from the horiseontal
and to denote its value by 0. The gravity component is thea
8 6os O, The peth then eurves downward unless a sufficiently
large latersl aercdynamie forse overcomes ths gravitationsl
ocomponent. Oalling the lateral asrodynsmio foroe L, we have the
following equation for the radius of curvature of the path

anvfheny @-ngoos -1

Consider first the oase in which I is sero, 1i.0. & con-
ventional bomb. We f1nd R = go¥o o ana §0 - £5259 . mme
maximum valus of $2 ooours whem the axis of the bomd is horisontal
end equels § rad/sec. At a speed of 320 rt/seo, %g * 0.1 rad-sec =
8.7¢/se0, snd R = 3200 feet. As the spsed increases, %% decreases
and R inoreaspes.

Next assume that the trajectory of the missile ie to be
approximately & straight line to the target as is usually desired
for & homing missile. In this case the-average value of I must
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equal mg cos §. The svailable control then depends on the changes
in L whioh oan be @ffected by the controls, and the ocntrol is

the ssme as for a vertical trajectory. However, the regquirement
L = ug 008 ¢ is the requirenent for rectilinear flight and the
speed required is dependent again on the area of fins or wings.
The minimum speed for rectilinear flight, sssuming the use of
the maximm eontrol, ie given by

‘I&)z Egﬁ-guso
= o VF 5t

For the 200Q 1b bomd on 8 45° trajectory, V is about 600 ft/see.
At lower speeds than the minimum epeed for rectilinear
flight, the rate of ohange of direction ia not ae great and the
radius of turn is larger. Valuea for any partiocular oage ocan
be eetimated. The control obteinable depends greatly on the
ratio of the speed to the rectilinear flying speed, and the
reotilinear flying epeed is detarmined in:l.n:ly by the area of fins
or wings. ' '
Non-1ifting Miasilee.
From the serodynsmie point of view the propertise of missiles
in whioch the sverags walue of the lateral foroe is Sero ars so
different from those for whioh the average value is not zero

that the two groups deserve separate treatmsnt. Although sn
aireraft or glider could be trimmed to give sero 1lift, its geseral .
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flight behavior would not be srtisfsotory, and the non-lifting
missile usually takes the form of an elongated objesot with two
Planes of symmetry or mare, and in some cases s body of revolution,
The simplest example is an ordinary bamb or rooket stsbilized
by tail fins, When the axias is inclined, there is a restoring
moment because the line of sotion of the resultant force passes
behind the center of gravity. To keep the sxis at an angle to
provide a lateral foarce, this moment must be bslanced by s
smaller foroce in the opposite direotion spplied by s rudder at
the tsil or s spoiler at the nose. The action of the rudder or
spoller must be such that the missile atill has suffiocient

statio and dynamioc stability about the new position of equilibrium.
Missilea of this type are best adapted to steep trajectories
for the following reasons. Launching spesds are usually limited
to s few hundred feet per seocond, QOontrol agasinst the defleoting
aotion of gravity is effeotive only near the rectilinemr flying

speed. The minimum reotilinear flying speed is of the order of -
100§ 293,23 . s the path approaches the vertioal cos @ de-
oresses, the minimum rectilitear flying speed decreases, and

the control improves.

A deorease in % also decreases the rectilinesr flying spoed

and hence improves the control at low speeds. This prinoiple
has been used in the Roo project in which sdditional surfaoce

has been provided to give larger lateral foroces for a given angle
to the trajectory. ' '
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sntation) in a straight path which is inolined at an angle to
the vertical.

If propelled, the path may be inclined upward,
Even if the controls are maintained in the neutral position, the
missile will finally approech an equilibrium state of un-

accelerated fell verticslly downward at its terminal speed,

For sn ordinary bonb or other missile of h:lgli wing loading the

time Tequired correspoxids to fall through a very great height.
The 1ifting missiles are intended to.follow an approximately

straight flight peth, whioch for powered missiles may bo-hbrilonm

or inclined upward. We shall consider firast an unpowered
miesile, i.e. & glider. ' ' '

The only forces acting on & glider im flight are the foroe '
\ of gravity and the resultant ‘air force.

It ia customary to
consider the resultant air foroe in terms of its components

perpendioular and parallel to the direotion of motion, the lift
and the drag.

In equilibrium gliding flight the resultant of

1ift L and drag D must balance the weight and hence must aot
in the vertical direction,

The flight path is therefore in-
olined downwards et en angle 9 such that tan 6 = /L.

The
Tesultant force R is usually expressed in terms of 't.l;o dimennion-

less cosfficlent Cp defined by R = Cg A 1/2, V2 where A is the
wing ares, ,» ths air density, and V the flight speed.

Since
in equilibriux the resultant oqunls'j:ho welght W the equilibrium

spesd _ot the glider along its flight path is determined dy the
Telation . . F '
| M
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For an airplane the valua of Cp inoreases from a small value
at O0* or some small negative angle of attack depending on the
sheaps of the wing seotion nearly linearly up to angin of the
order of 12 to 15°, reachas a maximum value of the order of 1.8
t0 1.4 and than slowly decraasas. The ratio of 1lift to drsg
reaches a rather sharp maximum value at some angle betwean 95
and 10°* and than decreases rapidly. The slowsst equilibrium
gliding speed corresponds to the maximum velue of Cp near the
stalling angle end in this ragion of angle of attack the glide
eangle changes rather rapidly but with only small changes in
oquilibrium speed. As the angle is reduced the glide angle
baoomes flatter and the equilibrium speed inoreases, o:;
pessing-the angle of maximum 1/D tha glide path again becomes
steeper and the equilibrium speed inoreases still more. '1‘):0
steepest path is the vertical dive in which the equilibrium
speed reaches its maximum value, the terminsl speed at whioh
the weight is balanced by the drag.

The praceding dasoription applies solely to steady state
oconditions, i.e. thoss whioh ooour after tha lapsa of a sufficient
interval of time. It is important to observe that an inocredse
in angle of attack at angles bayond that of maximum 1/D at first
flattens tha angle of glide 6r even causes a temporary seoent
and ths steeper glide angle is obtained only arfter the lapse of
suffiolent time.

Let us suppose that while the airplane ie gliding steadily
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At some angls of attack the apgle is suddenily ochanged -to o new
valus,

The 1ift at angles below the angles of ettack for maximun
1/D is changed much more than the 4rag snd ths prinoipal effect
will bs to produce an unbalanced force nearly perpendioulsr to

the direotion of motion which will ocurve the flight path. Ultimately

of course the unbelanced drag foros will modify the speed but
this prooess rasquires some time. Suppose the 11t coeffioclent

corresponding to the ateady straight flight at the instantaneocus
altitude and speed is Cp. and the aotual lift coeffioient is Of.
The unbalenced fores is then (Cp - Op,) A 1/227" and henos the

latsral scoeleration will be °L = °): Vepve . The radius

m!,m. This corres-
o
ponds to the value 31 W/A given earlier if Op-0;, is taken as

0,84, Yor & given lhg loading and air density the radius of
ourvature of the rlight"plth dspends on the difference betwesa

‘of ourvature of the path will bdbe

the sotual valus of the 1ift coefficient and the value whioh
would be macessary in steedy flight.

The minimum redius is obviously obtained with Cp, = 0 and
Op, squal to the maximux 1lift coefficient, i.s. with a non-lirting
migsile. The use of a liﬂins missile inoresses the minimum
redius of ourvaturs snd hence gives lower maneuverabdility.

Por angles of attack beyond tha angle of maximun x./p the
sffect of the tlrng may predominats and ths speed may be reduoced -

80 repidly that the 11ft forcs is not increassd, slthough the
11ft cocefficient is greater.

P
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The foregoing discuesion applies to control of the path
of the missile in & vertioal plaue. The 1ilting miesile usually
has larger surfaces, 1.s. wings for support and control in the
vertieal plans. For right-left steering the lifting missile is
usually designed to use the airplane method, i.e. banking or
rolling the miesile to obtain a camponent of the forcoe on the
large wing surfaese in the desired direotion. The turns which
oAn be produced without banking are of very large radius. An
airplane with dihedral angle will mutomatically bank if the
rudder is turned and ailerons are not moved, and will turn to
right or left if the airplane is rolled either by 'dorlootm
the allerons or by turning the rudder,

Turns of & glider ere desesnding spirals. If the in-
elination of the spiral flight path to the horizontal is 6, and
the radius of the spiral is r, the radius of eurvature R of the
flight path is r/ocos €. Call the angles of bank § and the lift L.
The svailable foroe ie then L sin f and hence '

l.s:l.n!-% ﬁ'i

V being the flight speed, W the weight of the aircraft, and g
the scceleration of gravity. Setting L = Cp 1/2p AvE ana

solving for R
Ra= E ). 1

. ;FEk TTegemm P

The radius of turn can be decreased by inoreasing Cyas the glider’

1is banked. This ie the method coumonly used in airoraft to make
a tight turn. If Opis sero, i.e. & non-lifting missile, banking
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does not give rise to a turn, R being infinite. If Cp ia not
zero, 1.e. 8 lifting missile, dbanking gives riee to s turn even
i Cr is not inoreaesd by aotion of the longitudinal control.
This is one of the sssential Aifferences between the serodynsmic
properties of 1ifting and non-lifting misailes, We shall discuss
further the right-left etesring of lifting missilee by banking
in the eection on ocoupling of controls.

It is quite poesible to design & lifting missile which oould
turn without banking. A lerge fertioal surfaoce would be nesded
and varioua practieal difficulties-ariss,

Non-lifting missiles will probably have lsss aiffioculty with
compreesibility effeots at high speeds. The chief diffioculty
with the lifting missile arisea from the fact that the mieeile is
uneymmetrical about the plane of the winga and ths orientation
is maintained by reaotions on winge and tail whoss moments about
ths center of gravity are equal and oppoeite. Compreseidility
effects first appear on the wings, usually producing diving
moments and large ohangee in attitude. The non-lifting missils
on the other hand ia symmetrical and both body and fin moments
are zero exoept when control is applied. Thus the trim position
of the non-lifting missile is not likely to change with lpood'
in the absence of ocontrol. The control will undoubtedly bs
modified by compreesibility effecte.

At the present time serodynamic 4ata at supersonic speeds
are quite limited, conaisting mainly of information on the drag
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of projectilee obtained in firing teste, Adequate supereoniec
facilities ere now being provided and within the next year or
two a great deel of the necessary basic research should be
oompleted,

Powered iissiles.

The control of powered non-lif ting missiles requires little
further discuesion. When no control ie epplied, the pfopu].sive
foroe aots in the direction of motion. vVariation of the pro=-

. paleive foroe changee the speed but not the direection of motion.
When control is applied, the orientation may ohange, in which
ocsee the propuleive force has a component st right anglee to
the direotion of motion of the center of gravity, increasing the

* lateral ferce evailable for control. This effect is usually

* not large,

In the case of powered lifting miesilee, variation of the
propulsive foroce constitutes a second and independent method
of ocontrol in the verticel plane., Undsr equilibrium oconditions

‘the spesd 1e aprroximetely independent of the value of the
propulsive force, eatisfying the equation

- 20 _co8 @
r oL

¥or horizontal flight the propulsive thrust T ie equal to the
drag D. If T ie greater than D the missile olimbs at angle &

v

such that T =« D + W sin 8. The angle olmy be negative corres-
ponding to descent if T is less than D, For more ocomplete
disocuseion reference should be made to one of the many books
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on the subject of airplane performande.
Homing Missiles.

In homing missiles, the epparatus contsined within the
missile locates the target with reference to some axis rixed
in the missile. The information so obtsined is not adegquate ule~
less this reference axis is always in a known relation to the’
flight path of the center of gravity of the miesile. The
simplest solution is obviously to meke the refersnce axis ocoineide
with the flight peth, i.e, to have the intelligence device "look"
along the flight path, The installation is especially simple’
ifr the sppliostion of control does not change the orientation
of the missile with respect to its flight path. The securing
of this result is one of the aerodynamic problems peculiar to
homing miseiles. The solution used in the Pelican and Bat projects
was to change the lift of the wing by treiling edge flape and
to so loocate the center of gravity of the miseile and a fixed

. tall structure that the dowmwesh effects on the tail produced
moments counterbalancing the moments produced by the flap
deflection. The Roc project adopted the same solution.

In the flight of an unpowered homing missile in still air -
againet o stationary target, the flight path is spproximately
rectilinear. The initial speed is usually much less than the
terminal speed in the straight glide path end hence the speed '
inoreases. To maintain the rectilinear flight, the lift muss
be maintained constant and equal to W cos @. As the speed in-
oreases the 1ift coefficient must be decreased by the aotion
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of the controls,

It appears desirable to operate unpowered homing missiles
within the range of 1ift cocefficliente lyilng betwsen zero end
that for maximum lift-dreg ratic. As is well known the equi-
librium flight path first flattens snd then steepens &s the 1lift
coefficient ie increased. There 1a accordingly a reversal of
control as regards the finsl.sffect when past the maximum lifte
drag ratio. Missiles are not ueually in equilibrium on thelir
flight path, and computation showe that the firet sffect of
control is always that of the change in lift. If however the
lift-drag ratio at the meximum 1ift coefficient permitted by
the controls corresponds to a slope of path steeper than the
actual path slope to the target, the ocontrol proceeds to its
limit and atays there. The intelligence calls for a higher lift.
A higher 1ift cosfficient is obtained as the control moves
toward its limit but also a higher drag coefficlient. Tha arag
reduces the speed so that the actual 111'; does not inocrease very
faet and ths flight path corrects very slowly, if at all. It
is probably dssirable that powered homing missiles should also
be oparated in the region between zero and maximum lift-drag
ratio.

If the homing misails is powered, various combinations of
control are possible. For example, the propulsive thrust might
be controllsd by a speed-sensitive device to maintain a eon!hlqt

"speed in the later stages of the flight.
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Stability Problems.

In theary a houing missile might receive sufficiant control
information to give atable flight without inherent stability of
the missile in the sbsence of control. 1In practioce, a missile
must have satiafectory stability to meintain its flight in periods
of intentional or unintentional). absence of control informatiom.

It 1s not practical to review tha many aspects of the
stabllity of missiles. The disturbed motions of a stable air-
plane-like missile in the absence of homing control consist of
various combinations of a rapid heavily damped longitudinal
motion in which the angular pitching motion 1s most prominent;

e slow oscillation, the previously mantioned phugold oscillation,
in which the missile rises and falls with the spaed decreasing
and increasing; a rapidly damped rolling and yawing oscillation;
and e slow spiral motion.

Under ceartain conditions the missile may pass from steady
rectilinear flight to a steady spin. In a true spin, as ua-'
tinguished from the spirel motion referred to above, the wing
surface 1s stelled, 1.a. meets the air at a large angla. The
spinning motion is howevar a steady motion with the following
balence of moments and forces;

1. The stalled wing rotates of itself at such a speed
that the rolling moment is Zero. (A wing at normal .
angles offere resistance to rolnn‘sg e stalled wing
is in unstable equilibrium at zero rate of roll).
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the "djnamlc pitching mcment tending to ‘Teduce
" he angle of attack is balanced by the centrlrugal
5fl;i itohing moment tending to increase the angle of
b’:ifatteck. v - R
l'The eermdynemic yawing moment is balanced by the
'chentrifugal yawing moment. The spinnlng cheracter~
Jf istics ere greetly effected by the angle of yaw a4
"'which this balanee cceurs, B
ﬂiThe cirplane descends at such [:] rate that the Verticel
'ﬁccmponent cr the air force equale the weight.
’The hnrlzontal ccmpcnent of the air force gives she
requisite centripetal acceleretien of the center of

gravity towerds the spin axie.

‘35- A mieeile can be nede dlfficult to spin by a suitable dis-

"f'poelticn ef tail eurfeoes tc give lerge aerodynamic pitching

momente and B fevcreble anti-spin equilibrium angle of yaw,

k When a homing devies is applied to an airplane like missile,'
the disturbed motions take on a eomewhat different character.
For example. cen51dering only the lengxtudinal stability, the
elow phugoid oscilleticn disappeare end is replaced by a demping
of any disturbance of the velocity alqng the flight path,_tne_c
‘period and damping of the fast angular pitching oscillation are
controlled in part by the static longltudinal etability of the
missile and in pert bv the pcwer of tha control eurface and the

1ag cf the servomeohanism, and there arises a eecond anguler
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pitehing osoillation of longer period which may in some cases
degenerate into two aperiodic motions. As the missile approaches
the target, the fraquencies and damping constants change some-

what and an additional mode appears.

In a similer manner the slow spiral motion sssocoliated with

the lateral stability of the free flying missile disappears.
There are short and long period combined rolling and yawing
oscillations where damping may be positive, zero, or negative
and the long period motion may degenerate into aperiodic motiomns.

Soma aspeots of the stability of homing missiles will be
disoussed bLriefly in the seotion on System gtability or Hunting
Problems.

IV. Coupling Between Controls

Interdependence of Controls.
A miseile in flight has six degrees of freedom but if it

follows oconventional airoraft design it has only three ocontrols

unless it is propelled in vhioch ocase it has also a throttle or
equivalent thrust control. The threoc ocontrols are usually
movable surfaces to oontrol the moments about three mutually
perpendiocular sxes and there is no direoct ocontrol of the linear
motions, Unfortunately the three oontrols do not give independent
offects. Thus the rudder produces a small rolling moment as

well as a yawing moment whioch turns the airoraft to right or

left, When yawed, there results a much larger indireot rolling
moment arising from the serodynamie reactions. The allerons
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produce yawing moments as well as rolling moments and the yawing
moments may be "adveree™ i.e. the resultant yew produces a
rolling‘ moment in a direotipn opposite to the desired rolling
moment or they may be favorabls. In extreme cases the allerons .
may turn the aireraft to right or left without rolling it or
the rudder may roll the aircraft with little yaw. The effects
may ohange sign for the same sircraft at different speeds i.e.
et different angles of attack or st different lift coefficients.
The interaction between the rolling or yawing motion and the
piteching motion 1’3 fortunately vury emall.

In the oase of non-lifting missiles, operation of the left-
right end up-down controls simultaneously producee rolling
momente and hence it has been found that a non-lifting missile

muet have allerone if rolling motions are to be avoided.

Correspondence between Intelligence Coordinates and Controls.

The intelligence devices generally available for use in
homing aseromiseiles give information on the bearing of the
target to the right or left and ﬁp or down from some reference
axis, l.e. an essentielly two-dimensional preeentation. In
the caes of radar dsvices, range information can also be obtained
if desired. The missile however has three controls if un-
propelled and &t least four if propelled. There is evidently

a problem in meking conneotion between the two-dimensional out-

put of the intelligence device and the control system of the
missile, ’
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In the case of & non-lifting missile, the obvious method
of copnecting the controls is 4o comnnect the two chaunnels of
the intelligsnce devies tn two control surfaces produc'ing
noments about two mutually perpendiéular leteral axes whibh are
aligned with the intelligence device., While the tﬁo control
surfaces may be designed to give independent action about the
latera) axes, the application of control about both axes
sinnltaneously will froduce rolling moments about the longi-~
tudinél axis, ,If the serodynemic design wefe such that the
longitudinal axis remained in the direction of motion, the roll
would not be objectionable unless the rate was so high that
the laé in the control system introduced phase errors., However
most migsiles of the zero 1ift bype change orientation as the
controls are applied. The roll takes place about the axis
of the missile end introduces incorreect error signals in the
intelligence device. The betéer solution is to stebllize the.
~missile in roll by means of ailerons controlled from a suiteble

gyro system. Thusg in the simplest method, the roll coantrol is
‘governed by a gyro, and thu other two by the channels of the
intelligence device,

There have been many ingenious sugpestions for connecting
the controls of a non-iifting missilé to permit continuous
rotation of the missile, It does not seem profitable to discusg

them here. For remotely controllsd ss distinguished from homing

missiles such devices become computers, often of conplex design,
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for transforming from fixed to rotating axes, and meteriug the
degree of control to be given by each of the two control surfaces.

In the case of a lirting missile of the airplane type,
turns are acoomplished by benking the airplune and it is not
therefore desired to prevent roll. It is necessary either to
reduce the number of control surfaces froam three to two or to
oouple two of the oontrol surfaces together to be controlled
from & single intelligence chrnnel. If the missile 1s powered,
the throttle or equivelent power plant control may be arranged
to be ocontrolled by airspeed, altitude, or some quantity
agsoojated with engine parformance as for example mixture ratio,
peak pressure, tempurature, eto. Combinations may be used
but it has not been oustomary to use the throttle for up-down
control of the flight path.

The more coammon two-control airplanes use the elevator-
rudder or the elevatar-sileron combinations. Both methods have
been used in the design of missiles. With proper design reason-
ably satlisfaotory turns cen be mende elther with allerons or
with rudder. For homing missiles, aileron control is believed
to give somewhat smaller errors, since out-of-trim rolling
moments can be balanced without lntroduocing yaw. In either case,
the use of two controls alone makes possible independent
connections of the two inteliigence channsls.

It has alreedy been pointed out that & gyro is required
for trimming the missile in roll., It is desirable thst this
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sy;.'o also limit the maximunm angle of roll; otherwise the missile
is likely to turn over on its back when a control signal is
cont inued for some time.

In automatic pilots for airoraft, the rudder and &ileron
ere often controlled together for turans, Such a coordination
is possible for one or &t most & narrow range of flight con-
ditions, For missiles intended to operate over a considersble
speed range, the rudder displucement for a given alleron dis-
placement varies, both with airspeed and angle of attack, and
it has not seemed necessary to attempt the design of the
necessarily complicated control. By suitable asrodynamic design
of a two-control missile, the side-slip during turns oan be made
reasonably small.

Effeot of Roll on Error Signals.

The lifting missile of the airplane type banks during a
turn. The referencs axes of the intelligence device are fixzed
with reference to the missile and hence rotate with the missile.
The axis of rotation of the missile does not usuelly coinoide
with the direction of motion of the center of gravity of the
missile. Hence the intelligence device no longer measures the
up-down and right-left errors with respect to axes fixed with
respeot to the vertiocal.

It has been previously pointed out that an airplane is

made to turn in its tightest oirocle by banking and then puniu
back on the stiok to increase the lift ocoefficient to its -
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maximum value. The coupling between the up=-down and right-left
controls produced by banking automatiocelly gives an error signal
to the elevator or elevons in a direction to increase the 1lift
coefflioient, and thus accelerates the turn. At the same time
the increased 1ift bends the trajectory of the center of gravity
upward, The exact behavior of the system depends on the
characteristics of intelligence device, servo-mechanisx, end
missile.

The error angles are readily computed for idealized motions,

If the missile rotated about the direoction of motion of the
center of gravity, the effects amount simply to rotation of the
axes of reference of the error signals, If the error angles
referred to the original axes are %. in elevation and §, in
aziputh, and if referrad to axes rotated through an angle ¢
§! ana §.', we have the relations

6' = S.008 P - 5.8in @

5 =§.31np + 5, cos §
If however the rotation occurs about sn axis making an angle e,
with the direction of motlon of the ceanter of gravity

§.) = Secos @ - (£ -fe.) 8in P

§' =g, 8in P + (S, = Se,) 008 P

In the general oese the dynemios of a rigid body with six

degrees of freedom and the aserodynamie eharaoteriatiqs of the

control must be considered. Thus the axis of torque varies
with the displacement of the control surfaces. The body rotates
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not about the axis of torque, unless this axis is also a prinoipal
axis of inertia, but about an axis intermediate between the
axls of torque and & principal axis., Thus the instantaneous
axis of rotatlion travels in the body and an integration process
i8 necessary. Because of these complications it is not very
practical to correct for these effects by inserting & computing
device between the lntelligence and the controls. One of the
lmportant consequences of the foregoing effect is that when
there 18 an elevation error angle and the true azimuth angle

is zero, an azimuth error 1s passed on to the controls equal to
~{ % -%.) sin . To fix ideas suppose that the target is high
so that S¢ ~ 5,13 positive and that the airplane rolls as for

a right turn (positive @). A negative azimuth error is then
given to the controls, which tends to oppose the right turn.

If however §. - £, were negative, i.e. true elevation error zero
but axls of roll above flight path or target 1ls low, the azimuth
error given to the controls would assist the turn, In the first
cage there would be & damping effect on oscillations; in the
gsecond a destabilizing effect which would promote hunting. 1In
the usual 1ifting missile the effect 13 on the average a de~-

stabllizing one,

Bffect of Angle of Attack or Yaw on Wrror Signals.

In the non-lifting missile, the spplication of controls

pitches or yaws the longitudinal axls so that the intelligence
no longer looks along the flight path. Using the same notation
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as bafore, the effect is given by the relation

£ =&k -
The same relation applies to the slevation control of a lifting
missile. It is in theory possible to interconnect the controls
with the intelligence device to move the reference axes of the

intelligence device to compensate for this effect. If under-

compensated there will be a stabilizing action against

oscillations and if overcompensated & destabilizing aotion.

Methods of Reducing Coupling Between Controls.

The methods of reducing both the interdependence of the
oontrols end the undesired effects of the angular motions on
the error signals are still in the early development stages
and much additionel serodynr o research is required. A horing
missile ca -y made to worx .ith all these effects present in
some degree, It would seem fruitful however to attempt to
make the normal flight path coincide with the longitudinal
principal axis of inertie, for all ocontrol positions, and to do
further research on reducing interactions between controls.

V. gystem gtability or Hunting Problems.

Illustration of Hunting.

Perhaps the most difficult of the special problems assooiated
with the design of homing missiles is“that of securing & satis-
faotory stabllity of the complete system, sinoce the overall
stability depends on the characteristics of missile, intelligence,
and servomechanism and espscially on their interrelations. To

CONFIDENTIAL

e At b 6 St B




50w CONFIDIENTIAL

illustrate the problem there are shown in Figs, 2, 3, and 4 the
observed motions of three homing missilss. In Fig. 2 it is seen
that the missile rolls and yaws in increasing oscillations of
about 10 seconds period until the miasile strikes the ground.

In extreme cmses such a missile msy turn completely over on its
back, lose track of the target and descend in a steep spiral,

In Pig. 3, the missile pitches in a steady oscillation of nearly
constant amplitude and from 5 to.-7 seconds periocd. Figure 4
shows & rolling and yawing oscillation which 1s damped as the
flight progresses. The period of the main oscillation is
approximately 10 seconds but there is superposed a rapiéd roll
oscillation of about 4° amplitude and 1 1/4 second period.

The steady hunting motions illustrated in Figs. 3 and 4
sre objsctionsvls only in so fsr as they affect the path of .
the center of gravity of the missile. The unstable motion of
Fig. 2 usually but not 2lways results in complete failure of
the missile and & wide miss.

The effect of a given hunting motion on the trajectory may
be estimated as follows, The error angle is equal to the ratio
of the velocity dy/dt of the missile transverse to the flight
path to the velocity V of the missile, provided the missile
looks along its flight path, If-this angle oscillates sinu~
soidally with maximum amplitude 8, the motion may be represented
by

%"“o cosg‘{_t
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where T is the periocd. The lateral displacement y is then given

by the formula

y-y°+!;-°*?-un5!’.r-ﬁ

where y, 1s the mean value of y. The maximum excursion from
the trajectory is then _v_:# « For V = 400 ft/sec, 65 = 3° =
1/20 radlap, T = 27 pgeconds, the flight path oscillates approxi-
mately 20 feet. On the other hand 1f T = 1 second, the flight
path oscillstion is only 3 feet,

These simple computations underestimate the error since
the actual missile does not look sccurately along the flight
path under dynamic conditions. This effect is however groafut
for the short period osclllations where the errors are small,
Factors Leading to Instadbility.

The presence of error eignals from a homing device would
seem at first sight to remove most of the sources of instability
and to supplement the aercdynamic damping forcee which ere
present in any normal design, The element which introduces
Qifficulty is the unevoidable lag between the presence of an
error angle and the epplicltion of the corrective forces lﬁd
moments to the missile., The lag may erise in the mechanical
and electrical parts of the intelligence device, control system,
or servomotor or may be introduced by the motion of the missiie
'in response to the oontrols in a manner to introduce errors .

in the measurement of the error angle by the intelligence devise,
The physiocal effect of the lag in producing hunting may
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be appreciated by considering the missile displaced from the
correoct flight path toward the targst but being returnsd to 1%
by the aotion of the controls. As the error engle approaches

sero, the oontrol surface deflection is spproaching zero and

should reach zero at the same instant as the flight path inter-
seots the target. Or if the ocontrol ‘s of the on-off type,
Teversal should occur at the instant the flight path inter-
sesots the target. If this could ‘ooour, the asrodynamic damping
forces would absord some of the kinetic energy present and the
next crossings would ococur with successively decreasing speed
until the missile reached equilibrium on a steady trajectary.
Beoause of the inevitable lag present, the control surface
remains defleotsd in a direotion to inorease the error angle

of the missile for a short time and tiaus feeds enmergy into the
osaillatory motion. Equilibrium is reached at an amplitude of
osoillation such that the amount of ensrgy fed in is equal to
that adsorbved by the aerodynamic demping. It mey heppen that
the equality of energy fed in and absorbed does not ocour for _.
any emplitude, in whioch case the oscilletion Builds up until
the missile capsises.

The suwount of energy fed in is direoctly proportional to the
time lag, and to the overall sensitivity i.e. to the magnitude
of the ocorrecting foroes and moments produced by a given error
angle. This overall sensitivity is dependent on such faotors
s the area of the control surfaces, the speed, sltitude, and
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attitude ot the missile, the deflection or rate of deflection
of the control eurfece for a given electricel input to the
servonmechanism, and the sensitivity of the intelligence devise,

The aerodynamic demping ie a function of altitude end
airspeed as well ee of relative areas of varioue parte of the
missile and of the amplitude of oscilletion.

The time lag in the intelligence device is usually determined
by the amount of integration or smoothing found deeirable to
give o reasonably steady output signel from the intelligence
device. FYor the rader homing systems used eo fer, the time
lag hes been within the range 0.05 to 0,25 seconde.

The time lag of the .: .si electromechanicel servoc systea
is of the order of 0,10 to 0.15 seconds, but considerably smaller
velues can be obtained by special design.

Either a time lag or a time advance may be introduced by
the relations between the motions of the missile, the axis of -
the intelligence device, end the direction of motion of the
osnter of grevity of the missile es discussed in the eootion.
on the effect of roll on the error signals. For the usual
dssign of miesile the axis of roll liee between the longitudinal
axis of the miesile and the direction of motion of its center
of gravity end e time lag is introduced. Thus if a dieturbance
rolls the missile say for a right turn, a false azimuth error
is indiocated in a direction to oid the turn end amplify the
effect of the disturbance., Or from the point of view of lag,
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if the missile is off course to the lert and correcting to the
right, the centering or reversal of control is delayed until
the missile moves off course to the right a sufficiant amount to
bring the rotated reference exis on the target.

The use of automatic lead computers to reduce srrors
asesocinted with wind and moving targets often leade to a diffieuls
stebllity problem as discussed later in this report.

Anti-hunt Deviges.

Since hunting is evidence of a phase lag between the orrar
engle and the epplication of corrective forces and moments, the
remedy 1s obviously the introduction by some means of & phase
edvance which 1s greater than the lag. As the missile comes on
course, the control must be reduced or removed before the error
is actually zero. The most ocommon method of acocomplishing this
result is to incorporate a rate term in the control, i,e. to
make the position or speed of the control dependent in part on
the error and in part on the rate of change of the error.

A oompensating or anti-hunt oirouit can often be introduced
in the amplifier or output oircult of the intelligence dov.ioo

itself. It usually takes the form of & suitable condenser-

rasistance network whioch may be considered either as & phass
advanoing device for sinusoidal signals or as introducing s rate
conponent for arbitrary signal variation, Diffioculties oftem

erise with such a circuit if the input signsls are "rough®, 1.e.
fluot_utihg in msgnitude for a given error engle aa for example’
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is the case for radar reflections from many types of targets.

Because of the antihunt oirocuit, the higher frequency "roughness"

is amplified much more than the slower variation as the missile

comes on course. A further characteristio of thie anti-hunt

oircuit is that good performance is obtained only with consider-
able attenuation of the input signal eo that additional amplifiocation
is required. '

The rate term may be introduced by a gyroscopio turn
indioator whioch measures the angular rate at which the missile
oomss on course., This method has been found completely effective
in obtaining syetem stability. It has the disadvantage that
winds or moving targets rejuire @& steady rate of turn whioh
introduces a oontrol signal. The presencs of this signal in
effeot limits the maximum rate of turn and thus inocreases the
errors associated with winds and moving targets.

Time t0 Come on Courasese.

Ons of the characteristioce of the control system of interest
1s the time required for a missile released with an initial error
angle to ocome on its proper course., The time can be sontrolled
to some extent by the overall sensitivity of the control system.
It has already been pointed out that inoreaeing the overall
sensitivity inoreases the amount of shergy fed into the system
when a time lag is present. Even if the system is stable, the
missile may come on course with a damped oscillatory motion and
the demping is small if the sensitivity is too great. A retura
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without osoillstion can bs secured with suitable values of the
-oontrol parsmeters. Both experience end theory show that it is
Necessary to make & compromise between the stability ocharaoters
istics and the time to oome on course. In most cases it 18
necessary to make the time to coms on course & matter of the
order of 10 seconds or more. '
Bffeot of Wind Gusts. .

wind gusts introduoe disturbances whioch exoite the natural
modes of motion of the complete system. The effects persist for
times which depend on the periods or time constante of the
natural modes, and the disturbed motion at any instant depends

b W lIn 20 e - s

on the history of disturbences over comparable psst periods of
time. Exoluding the effeots of ochanges in speed along the tra-
Jectory for which the time oonstant is very large but whiah in
thenselves 4o not osuse the missile to miss the target, there
usuelly exist modes for which the time constant is of the crder
of 10 ssconds. Henoce gusts in the latter part of the flight
path introduce errors which ocan not be whally corrected in the
time available,.

Experience has shown decreassd dispersion in tests of homing
uisailes over water as oompared with tests over land which 1is
probably to be attributed to the deocrsased suuunoin over water.
In one instance over land, & severe disturbance was noted from.
tlie sharp boundary between a hested layer of air at the ground
and & 0014 air mass aloft. While the designer of a missile oan
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vary ths frsqusnoiss of the natural modes of motion through small
limits, it 1s practically impossible to change their order of
magnitude. rortunately the errors in the trajsotory dsoreass

as the reotilinesr flight epeed incresses.

Methods of Analysis.

The problem of the design of stable systems has booxi
approached by several methode of mathematical analysis and by
experimente on mechanloal, electrcmechaniocal, or eleotrioal
models. If euffiolent information ie available from tests of
the component parts, the ‘cholce of control parameters to assure
system stabllity can be made by any of thess methods of analysis.
The purely mathematiocal methods require more or less idealized
representation of the performance of the component parts of the
system and are most ueeful for systems whose performance 1s
desoribed by linear differential equations. The various methods
using models heve the advantage that some of the actual com-
ponents can be incorporated as part of the model, so that non-
linear oontrol méchanisms and on-off or step controls whoss
mathematioal analysis 1s often diffiocult can readily bs inves~ -
tigated,

The control system of & homing missile aonstitutes a
closed-oycle control system or servomechanism. The ochief Aiffer~
ence from ordinary oervonloohaniqmo is thet the parameters of

the system are not constant but vary through considerable limits
during the flight of a single missile. Morse epecifioally the
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puramnetsrs egsooc.uted with aerodynanic forces and moments aro
functions of the uir spesd, air density, and ettitude of the
missile end its control surfaces. If thess variations are teken
into account, the usual methods of unalyeis of servomechanisma
mey be epyplisd. These involve a study of the response of the
system to oertain standardized conditions, the two most useful
corditions translated in terms of a homing missils being a sinu-
soidal displacement of the target at various frsquencies or &
sudden peruanent displecement of 4he target. If the system is )
a linear one, its performance is oompletely known when the per=-
formance under either of the above conditions is known.

Readers who are interested in the details of the matheémetiocal
procedures are referred to the restricted peper by A. C. Hall
of the Servomechanisms Laboratory, Massachusetts Institute of
Technology, entitled "The Analysis and Synthesis of Linear
Servomechani-sms®, Technology Press, 1943. This psper describes
the epplication of the sinusoidal analysis to ths design of

linear servomechanisms with continuous control. An sxemple of
analysis using suddenly applied disturbancss may be found in
Restricted Technicel Note No 809 of the National Advisory

Committee for Aeronsutics by ¥. H. Imlay entitled "The Theoretical
Latersl Motions of an Automatiocslly Controlled Airplane Subjeotsd
to & Yawing Moment Disturbance”. Robert T.,Jones of ths same
laboratory has developed this method of study of the control

of oertain types of missiles.

CONTIDEKTIAL




T SR AR MARPR (L T )

-59- CONFIDENTIAL

The preceding methods of analysis lend themselves to &
complete study of the performance of the system, including not
only the question of whether the aystem is stable or not but
ell questions of the magnitude of the errors. For determination
of stebllity, one may app.Iy the method of small oscillations
commorly used in airplane stability problems. This method eas
epprlied to an airplene without automatic pilot is described in
great detall by B. Melvill Jones, in Division N, Vol 5 of
Durandt's Aerodynamlic Theory under the title "Dynemics of the

Aeroplane®, The method in effect determines the period and
demping of the naturel modes of oscilletion end the damping of
the neturel aperiodic motions. If the damping constent turne
out to be negative, the corresponding mode is unsteble,

The mathematical. methode are in practice limited to syetems
degoribed by linear differential equations and £ind some
difficulty in the treetment of actual servo systems with friection,

"dead” regions, and time lag. For this reeson models have been
found useful. These range in complexity from systems repre-

senting e single degree of freedom of the missile to more complete
flight tables which include the three enguler components of the
motion of the "phantasmegoria® which simulate one or two
components of the linear motion. As an .exemple, methods of
automatio roll stabilization may be 1nvostigited with the aotual

gyro and servo elements by using @& mechanioal system (damped

pendulum or damped rotor) to simulate the inertie and dmpihg
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of the missile about ite roll axis.

A system of thie type as
well as a more complicated electro-mechanical model of the

longitudinal motion were used in the study of the Pelican and
Bat control eystems. In addition,

Dr. A. C. Hall of the Servo-
mechanisms Laboratory, Massachusetts Institute of Technology,

developed a flight table in which the pitohing, yewing, and

rolling motions of the missile with proper cross coupling were

fully simuleted and on which an overall teet could be made of

the complete control system including intelligence unit, gyro-
scopee,

and servomechanism. This flight table was extremely

ueeful in determining the best adjustments of the several,

parameters of the control system,

Experlience with these model methods and comparison with
actual flights of homing missiles show that the models reproduce

the angular motions encountered in flight extremely well.
Designers of homing missiles will find that the use of this

method of studying system stability and overall performance will

save much time in the development of a stable system and in
adjueting it for best performenocse,

VI. Problems arising from wind and Moving Tergets.
Pursuit cCurves

If the target ie moving or thers is a natural wind, a flying ' »
miseile which alwaye heads toward the target follows a path
known as & pursuit ourve or honing ourve depending on whether

the motion 1s referred to the air or to the ground. The pursait
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curve hss the characteristic that the radius of curvature becomes

very small as the target is approached and beocomes infinitely

small for the idealized case of 8 point target. The meneuver-

ability of the missile is limited and hence the missile will not
hit & moving point target or a stationary target in a cross
wind. The megnitude of the miss depends on the speeds of the
missile, wind, and target and their relative directions, on the
range, and on the maneuverability of the missile as expressed

by its minimum radius of curvature.

This problem in idealized forw has been studied by the
Ststistical Research Group, Division of War Research, Columbia
University, under the direction of the Applied Mathematics Panel.
For convenience the effect of wind and target motion are combined

to give an apperent target motion of speed v. (See Figure 5). The
azimuth ¥, of the launching position referred to the direction

of apparent motion of the target, the launching radiua rg, ‘lihc

ratio n of the apparent target speed Vv, to the speed of the
missile v, and the minimum turning redius 4 of the missile are
the quantities determining the miss for the osse of point target.
Constant velocities of target and missile, direoction of launching
toward the target, and missile continuing along an ocaculating -
ocircle when the minimum redius of ocurvature is reached are

assumed.

The computed misas M is shown in Figure 6 in the form of
a plot of W/, vs ¢ for n = 0.1, 0.2, 0.3 and O.4 and ry = 64,
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102, and 142 . The essential points to notice are (1) that the
maximum misa varies but little with launching radius; (2) that
the maximum miss is epproximately equal to /24, n® and (3) that
the miss becomes very small for ¢ between 140° and 180°, The
only factors within the control of the designer of the miassile
are the speed of the missile and its minimum turning radius.

The 8speed ratio should be &8 small as possible and the minimun
turning radius as small as possibla to minimize pursuit ourve
errors, The user of the missile may reduce the error by making

his attack on a course such that ¢, 1s approximately l45°. In

- )bwﬂ““&j :4%%&; R

the case of ship targets this course gives a good compromise
between the magnitude of the error and the projected length of
the ship which determines the permissible error which still
ylelds a hit.
Computers,

The egsential feature of the pursuit curve 1s that the

issile moves along & patuh which makes an a e tan~l _n siné
m & & path nel T+5 coser

with the line joining the misslle and target, JIf the axis of
the intelligence device were rotated with respeot to the longi-

2
3

tudinel axis of the missile by this amount in the opposite
direction to the apparent target motlon, the path with respect

to axes fixed 1n the target would be straight and the missile
would travel on & "collislon® course. If the user of the missile

has the necessary data to compute n and ¢, » and the means of
ofrsoi;ting the axis of the intelligence device by the obmputod
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emount and if the variations of n and ¢, mey be neglected, the
pursult curve error may be eliminated.

It is in theory possible to deaign a computer which auto-
matically offsete the axis of the intelligence device by the re=-
quired amount. The simplest echeme in theory is to equip the
intelligence device with a separate servo syatem which always
keeps the axis of the device centered on the target. If the
misaile flies a collielon course the bearing of the target will
remain constant and hence the angular velocity of the intelligence
davice will be zero. If the controle ara eo arranged that the
miesile le guided to make the angular velocity zerd, the course
followed ahould be the deaired colliaion couree. In practice a
high preclsion is reguired aince the rate of change of baaring
for a amall offset is very small at long ranges. Furtherumore
the missile is eubject to numerous disturbences of attitude and
it sppesra that an accurate linsar integrating angular velocity
meter would be raquired, It is not known whether the scheme
would work or not; it haa not yet been tried on a misaile.

Another possibility which amounts to integrating the angular
velocity 1s to datermine the angular displacement of the axis of
the misasile after a certain time or distance by meane of a frae
gyro which maintains & fizxed direction in apaca. A knowladge
of the angular displacement and thea rangs at the beginning and
end of thes displacement permits & computation of the desired -
offset. This computation elso assumes a constant velue of n
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throughout the flight.
Still sanother possibility is a continuously integrating

angular velocity meter whioh continuously sets in the appropriate
offset.

<tudy shows that the roughest sort of correction reduces

the pursuit curve errors even though & true collision course is
not obtained. Hence it is worthwhile to experinent with the
simplest concelivable computers, for example those dependent
meruly on the relative frequency and length of error signals in
the two opposite dirsctions.

The chief bar to the general use of computers lies in thelr
effect on system stability and in fact the automatic devices
desoribed can not be used becuuse they produce excessive hunting.
The computer essentially puts in a lead on a moving target. If
the missile as & result of & disturbance rotates to ihcrease the
lead, the angular velocity developed acts to inorease the lead
still tfturther and thus builds up an oscillation of increasing
amplitude. The computer can not distinguish between angular
velocity arising from disturbances and angular velocity caused
by the missile following a pursuit curve. An automatio lead
computer is an inherently destabllizing device.

Thre two methods of solving the stabllity problem are (1)
to feed in only a fraction of the correct lead angle or (2) to
introduce & time oconstent in the integration process which is
long compared to the natural periods of oscillation of the
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homing missile. In the first oase the permissible fraction is
dependent on the stability ressrve of the complete gystemw of
intelligence device, servocontrol, and missile. In the seocond
case the time constant must be of the order of at least 20 or
30 seoonds for missiles exhibiting natural periods of the order
of 1 to 8 ssoonds,

The computer problem is susceptible of methematical analysis
for any specifie misaile and control system, and is not too
dirfioult if mll elements of the system are linear. Actual
experience with computers on & homing missile is not yet availsble.

VIE[. Bore Sight Errors.

If the axis of the intelligence device does not coinocide
with the direction of motion of the oenter of gravity of the
missils, there arises &an error which may be termed the bore sight
error. Let us oonfine our attention to the case where the
intelligence device is not equipped with a computer or other
mesns of introduoing an offset angle, i.e. the axis is fixed
with respeot to the missile. The missile then flies at a fixed
angle to thuv line Joining missile and target and henoe follows

a logarithmic spiral whose equation in polar coordinates is

-4,
P = £ e tu¢ where A and 6, ere the ooordinates of the release

point and ¢ is the bore sight error, @As the missile approachas
the target the radius of ourvature deoreases and finally beoomes
squal to snd would be less than that whioh the missile can follow,
The radius of ourvature of the path is equal to #/tane¢ or 4f &
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is mmall toA/¢ . Thus if A 18 the minimum radius of turn of

the missile, this value 1s reached at a value of 2 equal

to/A.¢ . This value of the rangs to the target et whioh the radius
of turn becomes A, will be designated Ry. If 1t is assumed

thet the missile continuea to travel 1a a circular path of

radius A, , the miss 1s readily computed to be 1/2A4 ¢“. For if
the path were straight the miss would be R ¢ =/.¢“ and the circular
path produces s correction 1/2 /A e¢” leaving a fesidual mias of

1/2 A e™.” For f, = 10,000 feet, &.= 1°, Ry = 167 feet and the
miss 18 only l.4 feet. The miss inocreases as the square of the
bere sight error.

Bore sight errors arise from many aources in addition to the
obvious one of inaccuracy of construction of the wvehicle and of
the mounting brackets of the intelligence device. Both mechaniocal
and electrical imperfections of the intelligence device may glve
rise to bbre sight error. Thus in a radear homing device the
electrioal axis of the antenna aystem mey not colncide with the
geometrical axis because of unsymmetrical distribution of
dielectric or conducting material near the antenna, The output
cirocults may bve unbalanced such that the output 1s not zero when
the target is on the axis of the antenna, The servo control
systen may contain elements which are not balanced when the in-
put signal 1s zero; for example, the plok~-off of a rate gyroscope
may be displaced from the correct zero position. =Errors from
these and similar causes may be controclled by careful inspection
tests of the individual components &nd an overall check of an
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“:install@d system can r@&dily be made. . The reference axis of
':::th& é hicle ean Dbe orientad with respect to the target until
’ nd{ﬁat@d nutput iz zéro in which, cage the angular dig-
plauam&uﬁ ef the target rrcm the reference axis gives the bore
aight error._-_ L _ _ 5. .
Tha moat ﬂifficult prablem is %o determine that reference
3&31& nf the vehicle whioh lies in the direction of motion of
-th@ uent@r of gravity of the vehicle in fres. flight. In faet
;& vehi@la &@signaﬁ like & conventional airplane travels as
dirferant attiﬁudes for differant Positions of -the control sur=
Pacas.ﬂ ?artieularly in the vertical plene the angle of ettack
.v&riea with tha elevator getting, Thus there is. a variable
bor@ ﬁight arror which might amuunt 0 as. muoh &g 1.0° or more,
' _ A aimilar arror may occur in tha borizontal plane when

ruddar an& ﬂlevator control are wsed.  For in thig case the

rolling mom@nt dus to any lack of syametry. of the migsgile about
ite lungitudinal axis must be balanced by application of rudder
to yaw the misaile which then f£lies at ap angle to its longin
tudinal axiq. _ - ‘

Two methods nave been used fo. reduce bore sight errors from
aercdynamic canses, fThe firat aud.most satisfactory.ds o 7
design the missile 80. that the change in attitude with epplication
of control As as small es possible. Thie reguires alleron-
@lavatoy_eagtrol rather than ruddernalevmgor-eonﬁrol, go far

aa the horizontel motions ere concerned, In the/ventical plane
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the aerodynamic design should be such that the lateral foroes

are modified without change in attitude. One method ie to use

flaps on the tralling edges of the wings to change the 1lift and
to balance the pitching moments so produceu by pitching moments
from the teil arising from changes in the downwesh angle, This
cen he done by proper choice of tail size and location and of
center of gravity locetion of the missile.

The second method which haa been used to reduce boresight

errors from angle of attack changes is to mount the intelligence

device on trunnions and couple it to the controls in such a

mannsr that the reference axie of the intelligence device is

rotated to compensate for chenges in angle of attack. This com-

pensation can be made perfectly for steady flight conditions
but there are residual errors under dynamic conditions. In
addition a etebility problem arisee ae in the case of computers

end usually only a partial ' compensation can be mede if hunting

troubles are to be avoided., In ecme inetances euch a ooupling

of intelligence device to controls haa been used as a meens of

i

deuping ae previously discussed. In such a case the bore sight

"error is not completely eliminated.

JEEPPPEARLFVE LN

A final source of bors sight error ie the ineviteble in-

acourecy of oconstruotion of the vehicle itself as regerds its

external ehape. The axis of Zero moment i.e, the direction of

travel will vary somewhat from one missile to another of the

same intended shape. Such errors can be measured in a suitable

e it e -

Sates
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wind tunnel but only with great expenditure of time and the re-
quirementa for unifornity of flow in the wind tunnel are diffioult
to meet. In the case of Pelioan and Bat missilea, errors of
about 0.8° were found frck this source.

With sufficlent cere and negleoting aotual equipment failures

it should be possible to keep the bore sight error to the order
of magnitude of 1l°,

VIII. Bffects of Sensitivit Lag apd Minimum Renge of
intelllgence Devioce on Pursult Curve and Nore Sight Errors
The preceding disoussion of pursuit ocurves and bore sight
errors has assumed oertein ideal oharaoteristios of the intelligence

devios, The faots that the intelligencs device must look away

from the target to produce error signals and that it has a ocertain
lag heve bsen negleoted.

Let ua consjder first en intelligenoce device without lag

which gives an output signal proportional to the error angle up
to a ocertain angle 4., and whioch gives a oconstent output for
angles greater than o, . The maximum output signal gives the
minimum redius of ourvaturs of the path 2, . For any error
angle ¢ smaller than ¢ it wilj be assumed that the radius of
survature £ 1s given by £ /2 = -‘E_’L; i.e, the radius of curvature
ie infinits for & = 0, If then the discussion of the pursuit
ourvs is reexamined, it is seen that the axis of the intelligence
device must point awey from the target by en angle ¢ when the

redius of ourveture 1is 2 .

An exaot solution of this problem is diffioult and has not
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been carried out. We have already sesn that the pursuit ourve

error is entirely analogous to & bore sight error of magnitude

-1
tan™' n sind
o8 where n is the ratio of the apparent target

epeed to the speed of the misaile end 4, is the azimuth of the
miasile referred to the direotion of appereant motion of the target.
This equivelent bore sight error varies during the flight of

the miesile along a pursuit ourve because ¢, varies and the
complication of pursuit ourve caloulations is the determination

of ¢, as a function of the initisl ezimuth, initial renge, and

n. It will be instructive however to consider the simpler
problems of the effect of the value of € on the miss arisipg

from a constant bore sight error ¢

This problem hes been worked out by Dr. Skramstad(unpublished)
for the oage where ¢ . is smell, the lateral displacement y of
the missile from a line joining the release point to the final
target poeition is swmall compared to the initial remge x, -~ X,
and the slope of the trajectory %} to the same line is small

dompered to 1. The differential equation is found to be

i- lai re " 7::7{!’1" ok + €]

The solution of this differential equation was found to be

-(--élos Zo . H(x;../'::"
8
F-5
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where E(x)-lo%+-:1+°?+....

For preaeticdl values of x,, 2 ., 8nd o; the second term in the
brackets is entirely negligible. If &t a renge X, - X = Ry the
missile is assumed to follow a eirele of radius 4, the miss M
is given by ’

)
M=y+By3f-1/2 R-,%-

8
M= ¢ (Rg +/uca) -1/2%-

The range R, et which & a«,or 4 =/, is equal to A ¢
. _ 2 .
1 a - -€
sl 5~ A
Henoe the miss is given by
M =rse + 1/22e"

If we assume %, = %8 we obtain the following values:

¢ M

«08

«10

18

«20 0333

28 0480

The effect of the value of ¢a is zero if ¢ = O, Thus if

the missile travels & eollision course and the bore sight error
is zero, there is no error from limited sensitivity of the
intelligence deviee.. When ¢ 1is not zero, the effect of <, is
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to give an error term proportional to ¢ whereas the miss due to
bore sight error alone is proportional to ¢-. Hence the affect
of ¢m predominates at swmall valuees of ¢ .

It is possible to use the formulae previcusly given to
compute the pursuit curve errors by meene of an equivaleat bore-
li.dlt error. For the azimuth angle ¢, of the miasile referred
to the direction of the appsrent of the target changes from
¢ 0P =g - %é . Introducing the velue of "dl’x! in the expression
for equivalent bore sight error, there is obtained

_8in (4 -¢ +¢log x5/ + €108 1/e )
n+ 008 (% -¢+élog X2 4 flog 1e)

This transcendental equation oan be solved for ¢ as . function

of ¢, , nand x,/5 and with the expreasion for M in terms of A,
4. » @and ¢ the valuea of 'Zﬁ.'.' aa a function of &~ , ¢, , 1, and
Xo/f., can be found. The acouracy ia not very good when |[é -/
exceede about 0.3,

Since large purauit ourve errors correspond to large values

of € , the tern in 4 1s the smaller but for e = Jg corresponds
to inoreasing the miss by S0 to 100 percent.

The effect of 8 time lag 4 in the intelligence device may
be eatimated in a qualitative way by considering this effect almo
aa an squivalent bore sight error. The error sigual aotually
presant at & range R is that appropriate to & renge R + V7 where,
V 18 the epeed of the missile. This may be regarded as due to
an orror angle at range R differing from that aetually preseant
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by an equivalent additionsl bore sight error equal to the change
in the error angle between R + V7 end R. Thie ie readily sean

to be

f-"&t(i - m%;) - MiV‘f

The total equivalent bore sight error 1s then ({ + ﬁ;—;#rj .
The range at which £ =/ is then given by '

W -achh + )

Thie osn be solved for Ry’ and introduced in the equation
previously given to find the sorrected miss. PFor most ocases in
practice the total equivalent bore sight error may be spproxi-
mated by |

¢ 1+ 22X
The megnitude of the additiomal error is not large.

If the intelligence device overloads as the target ie
‘approached, the direstionsl information.may disappear completely
or the error eignale may even be reversed in usn: Furthermore
certain types, such as radar, have & minimum range within which
no error signals aregiven. If the minimum range ie Ry, the
aissile in this cass continues in a straight line and the miss
is given by ) C

MeyoeRyfL - c(Ry /i)

If for éxsmple Ry = 8000 feet as was found in one design of
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intelligence device, /% » 10,000 fest, a.= } and ¢ = £+ the
miss is 69 feet. If Ry is reduced to 200 feet the miss is 29 feet

of which 7 feet is associated with the minimum range and 22 feet
with the radar sensitivity s .

IX. Strength Problems of Homing Missiles.

The structural design of a missile is in most respects
entirely analagous to that of an aircraft. It is desired here
only to call sttention to two design conditions peculiar to
missiles.

For rocket or jet propelled missiles it is often ineffiocient
to design the power plant of suffioclsnt size to inoclude the
take-off condition. It is better to use assisted take-off by
means of a catapult or by special launching rockets. In German
experience with anti-siroraft and long range missiles, acceler-
ations from 2 to 1l6g heve been used in launching. The missile
structure must be designed to withstand the inertis loads produced,
and so must all of the parts of the intelligence device and
control system. .

The second design condition peculiar to missiles is that
of full control application at maximum speed. Because of the
bore sight error which may be present, the intelligence device
will call for the maximum rate of correction. The missile must
be able to withstand the loads so produced or some autamatio
device must be used to liwmit the acceleration which may be
imposed.
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X. Launching pProblems of Homing Misslles.
Some discussion has besn given of launching problems in

the disocussion of the rslation between the field of view and
ths permiseible motions of the missils., Ths targst mst come
within the field of view and remein there. A eighting dsvice or
ocomputer may be required for determination of the proper release
time.

A special problem encountersd in the releass of miseiles
from airoraft is that of avoiding maneuvers which cauee contact
between missile and aircraft after releass. It appears
sssential to keep ths homing devioce disconnectsd from the ocon~-
trols until the missile is at a safs distance from the airoraft,
The ohoice of air spesd and attituds at releass ocan be mads
after the study of ocomputed trajsotoriss oconfirmed by experi-
mental tests, In general the air speed must bs lower than the
horizontal flight epeed of the missils, the amount by whioh it
should be lower depending somewhat on the drag-weight ratio of
ths missils. In some cases interferencs effects between the
missile and the airoraft may ocause sn unfavorable trajesotory.
Howevsr no such effects have been sncountersd for missilss of
high wing loading.

XI. Gomolueion.
A survey hes besn given of some aspects of the dssign of

homing missiles for flight through air, primarily to place on
record that part of the sxperience in ths study of the redar:
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noming glide bombs, peliocan ond Bat, whioh is likely to be of
value in the future development of homing miseiles. None of

ths topios have been trested in detail 1o this paper, vut it 18
belisved that the diecussion 18 suffioient to ipdicats the aature
of the prodblems and poesible methods of their solution.
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Directiocnal sensitivity of antenns of Peliocen radar receiver,
Unstable oscillation of homing missile.
Undamped oscilletion of homing missile.
Damped osclllation of homing missile.
Disgram of launching variables determining pursuit
ocurve errors.
ro d4lstance to target at lsunching
¢, azimuth of launching position referred to
* direaotion of apparent motion of target.
v eapparent speed of target, resultant of wind
effeat and terget motion,
Fig. 6 Purauit ocurve errors due to effects of wind, target motion,
ud limited maneuveradility of missile.
o diatance to target et launching.
¢, sazimuth of leunching position referred to
| direction of apparent moticn of target. '
spparsnt speed of target, reaultant of wind
effect end target moticn.: '
speed of missile,

speed ratio v/v,

minimum radius of ourvature which missile
can be made to fly. '
miss referred to point terget.
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